A parameter-free nonlocal double-folding-inspired interaction is proposed for the nucleus-nucleus systems. Excellent reproductions of elastic scattering differential cross section data were obtained for several systems over a wide range of bombarding energies. Our results should be of value in the description of the scattering of other many-body systems. [S0031-9007(97)05269-1] PACS numbers: 21.30. Fe, 25.70.Bc The mean field interaction between complex quantum many-body systems (nucleus-nucleus, cluster-cluster, etc.) is still an open question in current physics research. The study of this matter is a fundamental step in the understanding of many-body dynamics. In the nucleus-nucleus case, significant progress has been achieved concerning this question during the last decade [1], as a consequence of the measurement of accurate and extensive elastic scattering data at intermediate energies. Nuclear rainbow scattering, first observed in a systems [2] [3] [4] and later in light heavy ions [5] [6] [7] , probes the nucleus-nucleus potential not only at the surface region but also at smaller distances, and ambiguities in the real part of the potentials have been removed. The resulting phenomenological interactions have significant dependence upon the bombarding energies. Some theoretical models have been developed to account for this energy dependence through realistic mean field potentials. Nowadays, the most successful models seem to be those based on the DDM3Y interaction [8] [9] [10] which is an improvement of the originally energyindependent double-folding potential [11] . But, in order to fit the data, the density-and energy-dependent DDM3Y potential needs a renormalization factor which besides being system dependent [1, 12] is still slightly energy dependent [1] .
The mean field interaction between complex quantum many-body systems (nucleus-nucleus, cluster-cluster, etc.)
is still an open question in current physics research. The study of this matter is a fundamental step in the understanding of many-body dynamics. In the nucleus-nucleus case, significant progress has been achieved concerning this question during the last decade [1] , as a consequence of the measurement of accurate and extensive elastic scattering data at intermediate energies. Nuclear rainbow scattering, first observed in a systems [2] [3] [4] and later in light heavy ions [5] [6] [7] , probes the nucleus-nucleus potential not only at the surface region but also at smaller distances, and ambiguities in the real part of the potentials have been removed. The resulting phenomenological interactions have significant dependence upon the bombarding energies. Some theoretical models have been developed to account for this energy dependence through realistic mean field potentials. Nowadays, the most successful models seem to be those based on the DDM3Y interaction [8] [9] [10] which is an improvement of the originally energyindependent double-folding potential [11] . But, in order to fit the data, the density-and energy-dependent DDM3Y potential needs a renormalization factor which besides being system dependent [1, 12] is still slightly energy dependent [1] .
In this Letter we show, by an extensive description of elastic scattering data using an optical integro-differential equation, that the dependence on the bombarding energy of the real bare potential is mostly due to the intrinsically nonlocal nature of the effective one-body interaction. The real bare potential (by bare we mean the average, mean field, interaction with no coupled channels effects) is constructed using the folding model. It contains no adjustable parameters and is energy independent. The absorptive part is taken to be a three parameters WoodsSaxon interaction. We also supply a simple approach to obtain the local-equivalent energy-dependent potential.
Before we set the stage for the analysis of elastic scattering data, we first describe our theoretical model.
When dealing with nonlocal interactions, one is required to solve the integro-differential equation
where, on physical grounds [13] , the kernel function is taken to be symmetric:
We take for U͑ R, R 0 ͒ the following form motivated by the physics problem at hand
In our analysis, the Coulomb interaction, V C ͑R͒, was obtained using an expression for the double sharp cutoff folded potential [14] and the local energy-dependent imaginary potential, W ͑R, E͒, was taken to have a WoodsSaxon form with three adjustable parameters.
Guided by the microscopic treatment of neutronnucleus scattering [15] , we have assumed for the real nuclear interaction the Perey-Buck or Frahn-Lemmer ansatz [16, 17] 
where b is the range of the Pauli nonlocality of the ion-ion interaction. Therefore, the nonlocality introduced in this way is a correction to the local model and in the b ! 0 limit Eq. (1) reduces to the usual Schrödinger differential equation. We should mention, at this point, that the use of the simple Gaussian shape to represent nonlocality in the nucleus-nucleus interaction has been justified, within the single-folding model, by Jackson and Johnson [18] .
In a recent publication [19] , we have shown that the values of b can be obtained for light heavy-ion systems from the energy dependence of phenomenological potentials extracted from elastic scattering data analyses. These b values were found to be in accord with the Jackson and Johnson [18] theoretical prediction: b b 0 m 0 ͞m, where b 0 is the nucleon-nucleus nonlocality parameter, m 0 is the nucleon mass, and m is the reduced mass of the system. The value b 0 0.85 fm was well established by an extensive nucleon-nucleus elastic data analysis [16] . We have used the above system-dependent expression for b in the interaction, Eq. (3).
We propose that V NL ͑ R1R 0 2 ͒ is of the following foldinginspired form:
where r 1 ͑r 1 ͒ and r 2 ͑r 2 ͒ are the nuclear densities of the colliding partners and y͑r͒ is the effective nucleonnucleon interaction. We point out that V fold ͑R͒ is assumed to have the local standard form of the double-folding potential [11] . We have used the well-known nucleonnucleon M3Y interaction 2.5r
The pseudopotential, 2262d͑ r͒ MeV, describes the knock-on exchange collision at 10 MeV͞nucleon [12] . The two other Yukawa terms are responsible for the direct component of the interaction. We stress that V ͑ R, R 0 ͒ is a nonlocal exchange potential, since we have considered the exchange as the main source of the nonlocality. In our approach, we have not considered the intrinsic energy dependence in the effective nucleon-nucleon interaction since we associate all the observed energy dependence of the local equivalent potential to the parameter b. As has been discussed earlier within a microscopic treatment [15] , such a hypothesis should be valid at energies up to 200 MeV͞nucleon. Therefore, the present data analysis is a further test to check our recent findings [19] , which associate most of the observed energy dependence of the phenomenological local real potential to finite range exchange effects.
We turn next to the data analyses. After projecting over partial waves, we have solved numerically Eq. (1) by an iterative method. In order to test how general is our model, we have analyzed elastic scattering angular distributions for the 12 C 1 12 C, 208 Pb and a 1 12 C, 58 Ni systems. These systems correspond to quite different nonlocality range parameters: b 0.075 fm ( 12 C 1 208 Pb), b 0.14 fm ( 12 C 1 12 C) , b 0.23 fm (a 1 58 Ni), and b 0.28 fm (a 1 12 C). For the first two systems, the data are available at a wide energy range (1 # E lab ͞A proj # 200 MeV͞nucleon), whereas the last two systems represent typical cases of refractive scattering that have been studied in details in the early 1970s [2] [3] [4] .
In the present analyses, we have used realistic microscopic nuclear densities as reported in the literature [11, 12, 20] . The only parameters that were allowed to vary were those of the absorptive Woods-Saxon imaginary potential. In Figs. 1 and 2 Fig. (6.8 ) of Ref. [1] . To our knowledge, the results reported here correspond to a first attempt to reproduce light-and heavy-ion elastic angular distributions for such a variety of systems and such a wide energy range with completely parameter-free real interaction. Furthermore, the usual renormalization factor of the DDM3Y interaction is absent in our analyses. Thus, one reaches the conclusion that the widely used FIG. 1. Elastic scattering angular distributions for the 12 C 1 12 C system at several bombarding energies as indicated. The data are from Refs. [5, [21] [22] [23] [24] . The solid lines correspond to nonlocal optical model calculations using an energyindependent and parameter-free real potential (see text). Note the change in the scattering angle scale. Fig. 1 energy-dependent potential hides to some extent the underlying nonlocal interaction. We should mention, however, that there is room to have some density dependence in our model if a more optimized fit is undertaken. From the result we obtain, it is clear that this dependence is bound to be weak.
FIG. 2. The same as
Because of the high values of orbital angular momentum involved in the calculations, the numerical solution of the integro-differential equation (1) is a very hard task for heavy-ion systems. Thus, it is desirable to develop a method to obtain the local equivalent potential (LEP) in order to calculate cross sections solving the usual Schrödinger equation. In the early 1960s, Perey and Buck [16] showed that the LEP is only weakly ᐉ dependent and supplied an approximate relation to obtain that potential for neutron-nucleus systems. We have generalized [19] that expression to the nucleus-nucleus case, namely,
with g mb 2 ͞2h 2 . The above equation can be solved for V LE ͑R; E͒ by the iterative method. Since for heavyion systems the value of g is very small (for 12 C 1 12 C, g 0.0014 MeV 21 ) we can appropriately expand (7) to obtain
where b m 0 b 2 0 ͞2h 2 is a system-independent constant equal to 0.0086 MeV 21 . This linear behavior of the potential with the energy has been particularly observed in a nucleus scattering [18] and the experimentally extracted slope is in agreement with the theoretical b value.
A better approximation, valid over a greater energy range, is obtained by neglecting the imaginary part of the potential and expanding the left hand side of Eq. (7) to lowest order in g. The resulting quadratic equation may be solved to obtain
We point out that in the limit b ! 0 we find for both Eqs. (8) and (9) V LE ͑R, E͒ V fold ͑R͒, which contains the exchange effects in the zero-range approximation as should be the case. We have calculated the local equivalent potential using Eq. (9) for the system 12 C 1 12 C at three bombarding energies. The results are shown as solid lines in Fig. 3 . For comparison, the folding potential, V fold ͑R͒, is also shown (dashed line). We can observe that the LEP have slightly different shapes than that of V fold ͑R͒. At high energies, we observe that V LE ͑R, E͒ becomes factorized as V LE ͑R͒f͑E͒ with f͑E͒ being roughly exponential.
We have also calculated the real part of the exact local equivalent potential through Eq. (1). The results convinced us that, as expected [16] , the ᐉ dependence of the LEP is very weak. The potential values arising from the exact calculation agree with those from Eq. (9) within about 3%. We have also calculated elastic scattering angular distributions by solving the local Schrödinger differential equation using the approximate LEP from Eq. (9). The results are quite similar to those generated from the solution of the full integro-differential equation (1) . It is important to mention that the parameters of the imaginary Woods-Saxon potential, W ͑R, E͒, used in the exact calculations are somewhat different from those used in the approximate ones, owing to the absence of Im͓V LE ͑R, E͔͒ in Eq. (9) .
In conclusion, we have presented in this Letter a new model for the nucleus-nucleus interaction. The corresponding real potential is nonlocal and completely parameter-free. The local equivalent version of this interaction is angular-momentum independent and with a very simple energy dependence. Such potential reproduces the experimental elastic differential cross sections for a variety of systems and over a wide range of bombarding energies. Thus, the explicit consideration of the intrinsically quantum, finite range exchange nonlocality is of fundamental importance in the description of the nucleus-nucleus collision. Our results could be potentially important for the description of the scattering of other many-body systems.
A more detailed account of our work which will include an extensive comparison with the quasielastic scattering data of several other heavy ion systems will be published shortly.
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